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Abstract
Background: Environmental conditions affect the topology of the adaptive landscape and thus the trajectories
followed by evolving populations. For example, a heterogeneous environment might lead to a more rugged
adaptive landscape, making it more likely that replicate populations would evolve toward distinct adaptive peaks,
relative to a uniform environment. To date, the influence of environmental variability on evolutionary dynamics has
received relatively little experimental study.
Results: We report findings from an experiment designed to test the effects of environmental variability on the
adaptation and divergence of replicate populations of E. coli. A total of 42 populations evolved for 2000
generations in 7 environmental regimes that differed in the number, identity, and presentation of the limiting
resource. Regimes were organized in two sets, having the sugars glucose and maltose singly and in combination,
or glucose and lactose singly and in combination. Combinations of sugars were presented either simultaneously or
as temporally fluctuating resource regimes. This design allowed us to compare the effects of resource identity and
presentation on the evolutionary trajectories followed by replicate populations. After 2000 generations, the fitness
of all populations had increased relative to the common ancestor, but to different extents. Populations evolved in
glucose improved the least, whereas populations evolving in maltose or lactose increased the most in their
respective sets. Among-population divergence also differed across regimes, with variation higher in those groups
that evolved in fluctuating environments than in those that faced constant resource regimens. This divergence
under the fluctuating conditions increased between 1000 and 2000 generations, consistent with replicate
populations evolving toward distinct adaptive peaks.
Conclusions: These results support the hypothesis that environmental heterogeneity can give rise to more rugged
adaptive landscapes, which in turn promote evolutionary diversification. These results also demonstrate that this
effect depends on the form of environmental heterogeneity, with greater divergence when the pairs of resources
fluctuated temporally rather than being presented simultaneously.
Background
An understanding of the factors that influence the
reproducibility, and therefore the predictability, of adap-
tation is of fundamental importance to any evolutionary
theory of biological diversity. For example, divergence
among populations can be caused by adaptation to
different environments, or by chance differences in evo-
lutionary history such as mutational order and drift,
which may constrain subsequent evolution and promote
divergence even when populations evolve in and adapt
to the same environment [1-5]. Traditionally, these pro-
cesses were studied by comparing extant populations
and attempting to correlate organismal traits with envir-
onmental parameters to infer the action of selection
[6,7]. Experimental studies complement the comparative
approach by allowing evolutionary dynamics to be
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examine the effects of environmental conditions on evo-
lutionary processes and outcomes [reviewed in [8,9]].
In recent years, a number of evolution experiments
have been performed with microbes to examine the
extent of divergence among replicate populations, often
finding evidence of striking parallel evolution at pheno-
typic and even genetic levels [10-22]. However, most of
these studies compared populations adapting to constant
and uniform environments. Hence, the effects of envir-
onmental heterogeneity, an important factor in the evo-
lution of natural populations, were not addressed. Those
studies that included heterogeneity have tended to focus
on its effect on within-population dynamics, particularly
on how it influences the evolution of specialist and gen-
eralist phenotypes [13,14,19,23-30]. How environmental
heterogeneity affects among-population dynamics, in
particular the reproducibility of evolutionary trajectories,
has received only limited attention [but see [14,15,31]].
Wright’s metaphor of an adaptive landscape provides a
framework for considering the adaptation and diver-
gence of populations [5,32]. This landscape is typically
visualized as a two-dimensional representation of the
highly multi-dimensional genetic space, onto which a
fitness surface is projected. The relative height of this
surface represents the fitness of an organism with a par-
ticular genotype. Natural selection, then, typically pushes
populations toward peaks with high fitness. In the sim-
plest case, the adaptive landscape has only one fitness
peak, such that replicate populations should eventually
converge on the same solution (although the time
required for convergence may be exceedingly long).
However, if interactions exist between mutations, such
that the fitness effect of any one mutation depends on
whether or not another one is already present (i.e.,
mutations interact epistatically), then the landscape may
be more rugged, with multiple peaks separated by val-
leys [5,32-34]. In this case, several different local peaks
might be accessible to a population starting at a given
point in genetic space, depending on the order in which
beneficial mutations arise that escape loss by random
drift. Natural selection inhibits movement of populations
between peaks separated by intermediate types having
lower fitness; therefore, rugged landscapes increase the
probability that replicate populations will diverge toward
distinct adaptive peaks.
Besides the intrinsic interactions between mutations, a
key extrinsic factor that has been suggested to influence
the ruggedness of an adaptive landscape is environmen-
tal heterogeneity [13-15,35,36]. For example, if there are
genetic trade-offs in the ability of an organism to adapt
simultaneously to two resources, then temporal fluctua-
tions between the resources might create a composite
landscape having more fitness peaks than were present
in either single resource environment, which would then
promote divergence among populations [35,36]. In a
related vein, Wright’sm o d e lo f“mass selection under
changing conditions” invokes temporal changes in the
environment as a process that can facilitate the move-
ment of evolving populations between different fitness
peaks [37,38].
Here, we aim to extend previous evolution experi-
ments by considering the effect of environmental het-
erogeneity on the adaptation and divergence of replicate
populations, where that heterogeneity reflects both the
number (either one or two) and the presentation (simul-
taneous or fluctuating) of resources. To this end, we
propagated 42 populations of Escherichia coli for 2000
generations in 7 defined environments differing in
resource identity, number, and presentation. After this
time, the fitness of each evolved population was mea-
sured relative to the common ancestor in several envir-
onments, and statistical analyses were performed to
determine the effect of the selective environment on the
extent of adaptation and degree of fitness divergence
among replicate populations.
Results
Direct fitness response in different environments
Table 1 shows the average change in relative fitness over
the six replicate populations that evolved under each
environmental regime for the full 2000 generations.
Fitness increased significantly for all treatment groups
(Table 1), and indeed for all of the individual popula-
tions within each group (data not shown), thus demon-
strating that the populations had adapted to each of the
selective environments.
Table 1 Final mean fitness of groups evolved under each
resource regime for 2000 generations.
Group Grand Mean (± SEM) P*
glu&mal set
glu 1.210 (± 0.009) <0.001
†
mal 1.266 (± 0.013) <0.001
glu/mal 1.218 (± 0.022) <0.001
glu+mal 1.246 (± 0.017) <0.001
glu&lac set
glu
‡ 1.210 (± 0.009) <0.001
lac 1.426 (± 0.027) <0.001
glu/lac 1.294 (± 0.033) <0.001
glu+lac 1.303 (± 0.018) <0.001
*One-tailed t-test. The null hypothesis is that the mean fitness equals 1.0. SEM
values are based on the 6 replicate populations in each treatment group,
except for the mal group which had only 5 surviving replicates.
†Values that remain significant (P < 0.05) following sequential Bonferroni
correction for the four tests performed within each resource set are shown in
bold.
‡The glu group is repeated for clarity.
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gains differed among the groups evolved in the different
environments. To do this, we performed one-way ANO-
VAs for the glu&mal and glu&lac selection sets, nesting
population under the resource environment. This analy-
sis showed that populations that evolved under the dif-
ferent environments varied in the extent to which their
fitness had increased (glu&mal F3,175 =7 . 6 2 ,P <0 . 0 0 1 ;
glu&lac F3,183 = 52.14, P < 0.001). We then performed
pairwise comparisons between the treatment groups
within each of the two sets (Table 2). In five of the
twelve pairwise comparisons, the difference in the aver-
age fitness gains between groups was statistically signifi-
cant after applying a sequential Bonferroni correction.
The glu group had the smallest improvement of all
groups. The mal and lac groups had larger direct fitness
responses than the groups evolved in the corresponding
mixed environments containing the same resources,
although this difference was only significant for the lac
group. Fitness increases between alternating and simul-
taneous presentations of the two resource combinations
were not significantly different in either the mal or lac
set of environments. It is also interesting to note that in
comparisons between the two resource sets, the groups
in the glu&lac set tended to have larger fitness increases
than the corresponding groups in the glu&mal set (dif-
f e r e n c ei nr e l a t i v ef i t n e s sa n dt w o - t a i l e dt-test: lac vs.
mal 0.160, P < 0.001; glu/lac vs. glu/mal 0.076, P =
0.087; glu+lac vs. glu+mal 0.057, P = 0.040).
Extent of divergence among replicate populations
To address whether the replicate populations within
each treatment group were evolving toward the same or
different adaptive peaks, we first tested whether they
had diverged significantly from one another in terms of
their fitness levels in the environment in which they had
evolved. Significant divergence in their direct responses
would indicate that the replicate populations had fol-
lowed different trajectories and would be consistent
with them evolving toward different adaptive peaks. For
each group, an ANOVA was performed to test the sig-
nificance of the among-population variance in fitness in
their selection environment after 2000 generations. As
s h o w ni nT a b l e3 ,t h ea m o n g - p o p u l a t i o nv a r i a t i o nw a s
significant for the glu/mal, lac and glu/lac groups, with
the glu/mal and glu/lac groups both remaining signifi-
cant even after accounting for multiple tests.
Variation in fitness in alternative environments
The preceding results indicate that significant among-
population divergence evolved in at least two of the
seven treatment groups. However, this assessment is
based on only one trait, namely fitness in the particular
environment in which each group of populations
evolved. Therefore, we cannot exclude the possibility
that populations in the other groups were also evolving
toward different adaptive solutions but had similar
direct fitness responses. It might be possible to differ-
entiate populations that show similar direct responses
by their correlated responses to other environments
[39-42]. We therefore measured the fitness of each
population in all of the environments making up each
section of the experiment; for example, the fitness values
of populations in the mal group were measured in the
glu, mal, glu/mal and glu+mal environments. The results
of all these assays are summarized in Figure 1. Net
declines in fitness were not observed as correlated
responses, at least across the range of environments
tested, with one conspicuous exception: all six popula-
tions that evolved with glucose as the sole resource lost
Table 2 Comparison of direct fitness responses between
different groups.
Comparison Difference in direct
response
P*
glu&mal set
glu vs. mal -0.056 0.006
†
glu vs. glu/mal -0.008 0.748
glu vs. glu+mal -0.036 0.085
mal vs. glu/mal 0.048 0.114
mal vs. glu+mal 0.020 0.400
glu+mal vs. glu/mal 0.028 0.330
glu&lac set
glu vs. lac -0.216 <0.001
glu vs. glu/lac -0.084 0.036
glu vs. glu+lac -0.094 <0.001
lac vs. glu/lac 0.132 0.012
lac vs. glu+lac 0.122 0.003
glu+lac vs. glu/lac 0.010 0.807
*Two-tailed t-test.
†Values that remain significant (P < 0.05) following sequential Bonferroni
correction for the six comparisons performed within each resource set are
shown in bold.
Table 3 Among-population variation in direct response
after 2000 generations.
Group Mean fitness FP *
glu&mal set
glu 1.210 1.031 0.411
mal 1.269 1.459 0.235
glu/mal 1.218 15.347 <0.001
†
glu+mal 1.246 1.913 0.110
glu&lac set
glu
‡ 1.210 1.031 0.411
lac 1.423 2.669 0.035
glu/lac 1.294 17.64 <0.001
glu+lac 1.303 1.646 0.167
*Significance of population effect determined by one-way ANOVA.
†Values that remain significant (P < 0.05) following sequential Bonferroni
correction for the four tests performed within each resource set are shown
in bold.
‡The glu group is repeated for clarity.
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onment. Interestingly, the reciprocal tradeoffs were not
observed. All six lactose-evolved populations were more
fit in lactose than in glucose, but none was significantly
less fit than the ancestor in the lactose-only environ-
m e n t .T h ea b s e n c eo ft r a d e o f f si nt h et w o - r e s o u r c e
r e g i m e si sl e s ss u r p r i s i n g ,however, since any mutation
that was beneficial for exploiting one resource but detri-
mental with respect to the second resource would have
been disadvantaged relative to any other beneficial
mutation accessible that did not impose such a mala-
daptive pleiotropic effect.
We then performed two-way ANOVAs to determine
whether there were significant (i) main effects of repli-
cate populations across the environments, and (ii) inter-
action effects between replicate populations and
environments (Table 4). The glu+mal group exhibited a
significant population effect, while the lac, glu/lac and
glu+lac groups all showed significant population-by-
environment interactions; the interaction variation in
the glu/lac group was significant even after a Bonferroni
correction for multiple tests.
Change in population divergence over time
Taking all of the direct and correlated responses
together, there were three cases of significant variation
among replicate populations after adjusting for multiple
tests of the same hypothesis within each resource set.
All three cases involved the glu&mal and glu&lac treat-
ment groups that experienced temporally fluctuating
environments, even though those represented only two
of the seven total treatment groups. These results are
consistent, therefore, with the hypothesis that fluctuat-
ing environments promote evolutionary divergence.
However, it is also possible that the populations are
converging on the same peak but are doing so at differ-
ent speeds or by different routes. For example, transient
divergence might be caused by stochastic differences in
the order and timing of adaptations in replicate popula-
tions that would eventually converge to the same adap-
tive peak [16,43]. To evaluate this possibility, we
examined whether the among-population variation in
fitness in the selection environment was increasing or
Figure 1 Direct and correlated fitness responses of the replicate populations in each group. Panels labelled glu(mal) and glu(lac)
correspond to the same glucose-evolved populations but assayed in resource environments comprising the glu&mal or glu&lac sets,
respectively. Each point is the mean of five fitness assays. Lines connect the same population across the different environments.
Table 4 Summary of analyses of variance for fitness of
the replicate populations in each group across all
environments.
Source of variation
Population* Population ×
environment*
Group FPF P
glu&mal set
glu 1.585 0.224 1.486 0.126
mal 1.273 0.334 1.590 0.113
glu/mal 2.168 0.112 1.380 0.176
glu+mal 4.086 0.015 0.413 0.972
glu&lac set
glu 1.255 0.333 0.752 0.725
lac 0.996 0.453 1.891 0.035
glu/lac 1.384 0.285 3.327 <0.001
†
glu+lac 2.186 0.110 2.018 0.022
*Significance of population and population-by-environment interaction effects
determined by two-way ANOVA, with population analyzed as a random effect
and environment as a fixed effect.
†Values that remain significant (P < 0.05) following sequential Bonferroni
correction for the four tests performed within each resource set are shown
in bold.
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divergence would support the hypothesis that replicate
populations were approaching different fitness peaks,
whereas declining variation would tend to support tran-
sient divergence leading to eventual convergence [16,44].
To that end, we calculated the variance component for
fitness for each group’s direct response at both genera-
tions 1000 and 2000 (using only those assays that were
part of the same experimental blocks). Taking the square
root of the variance component, √Var W, gives the stan-
dard deviation for fitness due to genetic factors (as
opposed to measurement error) among the populations
in each group, and it scales in a manner comparable to
relative fitness. The estimated genetic variance in fitness
among populations increased between 1000 and 2000
generations in the glu/mal group but not in the glu/lac
group (Table 5). This variance component also increased
in the glu group, but not in any of the other groups that
experienced temporally constant regimes of either single
or mixed resources. As is evident in Figure 2, the var-
iance in the glu/lac group at generation 1000 was very
strongly influenced by one population for which no mea-
surable fitness gain had yet occurred. If we exclude that
outlier population, then the variance component also
increased between 1000 and 2000 generations for the
glu/lac group (Table 5). These trends, while certainly not
definitive proof, are thus consistent with the hypothesis
that the replicate populations in the temporally fluctuat-
ing resource environments were evolving toward distinct
fitness peaks.
Discussion
Since its introduction over seventy years ago, Wright’s
metaphor of the adaptive landscape has become one of
the most influential concepts in evolutionary biology,
yet empirical understanding of the structures of actual
landscapes remains elusive. In this study, we monitored
the evolution of 42 experimental populations of E. coli
under 7 resource regimes for 2000 generations in order
to investigate the effects of environmental complexity
on their dynamics. We were interested, in particular, in
whether heterogeneous resource environments would
influence the repeatability of evolution by impacting the
ruggedness of the adaptive landscape. Our results can
be summarized as follows. (1) Populations evolved
under all experimental regimes exhibited significant
increases in fitness. (2) The magnitude of their fitness
gains varied across the regimes, as did their correlated
fitness responses to other regimes. (3) Among-popula-
tion genetic variation for fitness was highest, and most
sustained over time, in those groups that had evolved
under fluctuating resource regimes. Below we discuss
these findings in more detail.
Extent and specificity of adaptation
After 2000 generations, the mean fitness of all popula-
tions had increased significantly under all seven resource
regimes (Table 1). Prior to all fitness assays, ancestral
and evolved competitors were both physiologically pre-
conditioned in the competition environment. Therefore,
the fitness gains of the evolved populations are the
result of heritable adaptation rather than physiological
acclimation. Each population had the opportunity to
adapt to one of seven different resource regimes, but
other aspects of their environment (e.g., temperature
and base minimal medium) were common to all of the
selection regimes. If genetic adaptation had occurred
only in response to those shared aspects of the environ-
ment, then the magnitude of fitness gains would have
been indistinguishable among the treatment groups. In
fact, however, there was considerable variation in the
average fitness improvement across the groups, ranging
from ~21% in the glu group to ~43% for the lac group,
with many of the pairwise comparisons between groups
being significant (Table 2). These results demonstrate
that a portion of the overall adaptation was specific to
the particular resource regimen under which the popu-
lations had evolved.
Effect of environment on patterns of divergence
We only found evidence for highly significant diver-
gence among the replicate populations that evolved in
the fluctuating resource environments, glu/mal and glu/
lac (Table 3). To address whether this divergence was
sustained over time, we also quantified the change in
the variance for fitness between 1,000 and 2,000 genera-
tions (Table 5). Divergence among the replicate
Table 5 Temporal trend in the fitness variation among
replicate populations, measured in the selective
environment.
Group 1000
generations
√Var W
2000
generations*
√Var W
Δ√ Var W
glu&mal set
glu 0.013 0.025 0.013
mal 0.015 0.000
† -0.015
glu/mal 0.022 0.039 0.018
glu+mal 0.035 0.005 -0.030
glu&lac set
glu
‡ 0.013 0.025 0.013
lac 0.072 0.025 -0.047
glu/lac 0.086 0.062 -0.024
glu/lac: omitting
outlier population
0.012 0.048 0.036
glu+lac 0.036 0.031 -0.005
*The 2000-generation means and variances were calculated using only the 4
fitness assays that were performed in the same experimental blocks as the
1000-generation assays.
†Reported as zero because the calculated variance component was negative,
whereas the real value must be zero or positive.
‡The glu group is repeated for clarity.
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ond half of the experiment, whereas divergence among
the populations in the glu/lac group decreased over this
period. However, the variation in the glu/lac group at
1,000 generations was strongly influenced by a single
population that showed no fitness gain to that point.
When this atypical population was excluded from the
analysis, divergence trended higher in this group as well.
On the whole, these results indicate that divergence of
replicate populations was both significant and increasing
over time only in those two groups that evolved in the
temporally fluctuating environments. This finding is
consistent with the hypothesis that the replicate popula-
tions in these treatment groups were evolving toward
different adaptive peaks.
In principle, replicate populations could diverge from
one another not only by selection acting on different
beneficial mutations but also by drift and hitchhiking.
Divergence by drift could occur through the accumula-
tion of mutations that are neutral in the selective envir-
onment, but which might have some fitness effects in
other environments. Deleterious mutations might hitch-
hike to high frequency if they become linked with a
beneficial mutation [45,46], which could occur since the
bacteria in our experiments are strictly asexual (i.e., they
lack any mechanism for horizontal gene transfer). How-
ever, the E. coli strain we used has a very low total
genomic mutation rate [47], which should limit the
rates of substitution by drift and hitchhiking. Indeed,
high-coverage whole-genome sequencing of another
population founded from the same strain found that
only three synonymous mutations achieved detectable
frequencies in 20,000 generations [48]. Moreover, the
patterns of correlated responses in 12 populations, again
founded from the same ancestral strain, indicate that
pleiotropic effects of beneficial mutations have been
more important than mutation accumulation by drift or
hitchhiking in explaining patterns of phenotypic evolu-
tion over 20,000 generations [10-12]. Therefore, it
appears unlikely that drift or hitchhiking have contribu-
ted much, if at all, to the among-population divergence
in our 2000-generation experiment, nor is it evident
why any such effects would be stronger in the fluctuat-
ing environment treatments than in other treatments
that experienced the same resources alone or in
combination.
Selection can also lead to among-population diver-
gence due to stochastic differences in the timing and
order of beneficial mutations [43]. If only a single local
adaptive peak is available, then this divergence should
be transient. However, if mutations interact such that
some mutations are beneficial only in combination with
other mutations, then this ‘sign epistasis’ may generate
multiple peaks separated by valleys of maladapted inter-
mediates [33,49]. In the latter case, differences in the
order in which the mutations arise could cause initially
identical populations to evolve to different peaks, result-
ing in sustained divergence [33,49,50]. While stochastic
differences in the timing and order of mutations might
well contribute to population divergence, they cannot
alone explain why the extent of variation and its persis-
tence over time should differ between groups. Although
we cannot rule out the possibility that the divergence in
those groups that evolved with fluctuating resources
might eventually prove to be transient (say, over tens of
thousands of generations), this possibility would
Figure 2 Direct fitness responses of replicate populations within each group after 1000 and 2000 generations of experimental
evolution. All fitness values are expressed relative to the common ancestor. Each point is the mean of four assays performed in the same
experimental blocks. Lines connect the same populations measured at 1000 and 2000 generations.
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landscapes between the various regimes that contributed
to their different early dynamics of divergence. In future
work, we intend to identify the genetic bases of the
adaptation of these populations and then combine
mutations to test directly fo rt h ep r e s e n c eo fs i g n - e p i -
static interactions.
A possible caveat to this interpretation is that, because
the benefit of adaptive mutations must be averaged
across two different environments, those populations
evolved in fluctuating environments may have experi-
enced weaker effective selection than the populations
that evolved in constant environments [51]. If so, then
adaptive mutations would take longer to fix and the per-
iod of transient divergence would be extended. However,
we did not observe substantially smaller fitness gains for
the groups that evolved in the fluctuating environments
(Table 1).
The greater divergence among populations in the fluc-
tuating environments is consistent with the hypothesis
that environmental heterogeneity can increase the rug-
gedness of the adaptive landscape and thereby increase
the likelihood that replicate populations will find distinct
fitness peaks [13-15,35,36]. However, it is less obvious
why divergence was more pronounced in regimes with
two resources that fluctuated temporally, as opposed to
regimes that presented the same two resources simulta-
neously. Temporal fluctuations would presumably have
favoured generalists that are well adapted to each of the
alternating resources, whereas coexisting specialists
might evolve when the resources are simultaneously
present. That distinction, while important, still begs the
question of whether independently evolved populations
would achieve similar or diverse generalist types or
admixtures of specialists under those respective scenar-
ios. Although the specific adaptations that occurred in
the populations are not yet known, we can imagine a
scenario where one might well expect greater among-
population divergence undert h ef l u c t u a t i n gr e s o u r c e
regimes. Consider a mutation that increases fitness in
the glucose component of a fluctuating environment,
and which becomes fixed in one population. Despite
conferring a net fitness advantage, this mutation might
nevertheless reduce fitness in the lactose component of
the environment. (In fact, such trade-offs are evident in
most or all the populations that evolved in glucose, as
seen in Figure 1). This deleterious side-effect will select
for compensatory mutations that alleviate the fitness
trade-off in the lactose environment [37,52-55]. Such
compensatory mutations are beneficial only in combina-
tion with the previous mutation, and they would not
evolve without the adaptation to glucose. As a conse-
quence, the spectrum of potential future adaptations
will differ from those available to a population that by
chance fixed an alternative mutation that did not engen-
der a trade-off, and therefore would not select for a
compensatory mutation. By contrast, in those environ-
ments where two resources were presented simulta-
neously, an evolving lineage might, at least in principle,
split into two subpopulations that each adapt to one
resource while forgoing adaptation to the other. The
two subpopulations might then be on different peaks,
yet if all of the replicate lineages split into subpopula-
tions in the same way, then the replicate populations
per se might not diverge from one another.
A caveat to this conceptual distinction between simul-
taneous and fluctuating environments is the fact that
E. coli typically uses multiple resources (including glucose
and either lactose or maltose) sequentially rather than
simultaneously [56-58]. Because only one resource is
used at a time, the effect is to partition the environment
physiologically, thus giving rise to two sequential adaptive
landscapes just as in the fluctuating environment. How-
ever, in contrast to the externally imposed fluctuating
regimes, the physiological separation between these suc-
cessive landscapes is under genetic control. Preliminary
results (T.F.C., unpublished data) indicate that four of the
six glu+mal populations and all six of the glu+lac popula-
tions evolved some change in the activity of catabolite
repression (whereby the presence of glucose represses the
use of other sugars), in which case the resources may
have been used simultaneously. These changes, if con-
firmed, might have reduced the among-population varia-
tion in those regimes where resources were presented
simultaneously rather than sequentially.
Finally, a limitation of our analyses of the evolved lines
thus far is that they only address variation in fitness.
Thus, we cannot exclude the possibility that replicate
populations might have diverged genetically, and even
physiologically, in ways that nevertheless yield similar fit-
ness levels in the assayed environments. Some of the
potential targets of selectioni nt h i se x p e r i m e n ti n c l u d e
the length of the lag phase following transfer to fresh
medium, maximum growth rate and, in mixed resource
environments, regulation of substrate utilization prefer-
ences. Different combinations of changes in these traits
might produce similar fitness gains [59,60]. Although
measurements of additional characters can only increase
the likelihood of detecting variation among populations,
we see no obvious reason why adding traits would sub-
stantially affect the relative among-population variation
across the different treatment groups.
By taking advantage of the short generations of bacteria
and the ease of manipulating their environments, we have
assessed the effect of environmental variation on the
reproducibility of evolution, with implications for under-
standing the structure of adaptive landscapes. This study
extends previous work on the effects of environmental
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cally on the effect of temporal fluctuations in resource
availability on population divergence. We observed that
divergence among replicate populations was greater in
environments with alternating resources than in environ-
ments with the same resources presented either singly or
simultaneously, suggesting that epistatic interactions
among mutations were stronger or more influential
under the temporally fluctuating regimes. Future work
will take advantage of the potential for genetic analysis
and manipulation of E. coli to examine the molecular and
physiological changes that underlie the parallel and diver-
gent trends observed in this study.
Conclusions
In this study, we sought to test the effect of the number
(one or two) and presentation (simultaneous or fluctuat-
ing) of limiting resources on the adaptation and diver-
gence of replicate populations of E. coli.T h ef i t n e s so f
all populations increased relative to their common
ancestor following 2,000 generations of evolution, indi-
cating that all populations adapted to their selective
environments. Divergence among the replicate popula-
tions evolved in each particular environment differed
across regimes, with variation tending to be greater in
fluctuating environments than in constant environments,
including those regimes with two simultaneous
resources. These results are consistent with the hypoth-
esis that environmental heterogeneity, including tem-
poral fluctuations, can promote population divergence.
Methods
Bacterial strains and propagation
The bacteria used as the ancestors in this study have
been described previously [16]. Briefly, all populations
were derived form a strictly asexual strain of E. coli B.
The parental strain was unable to utilize the sugar L-
arabinose (Ara-) but a mutant able to grow on this
sugar (Ara+) was isolated. These strains can be distin-
guished by plating on tetrazolium arabinose (TA) indi-
cator medium [16]. On this medium, Ara+ bacteria
form white colonies while Ara- bacteria form red colo-
nies. Competition assays were performed (as described
below) to test whether the Ara marker had any fitness
effect. The Ara marker had no significant effect on fit-
ness in any of the environments used in our study
(environments and fitness assays as described below; 2-
tailed t-tests comparing Ara+ vs. Ara- relative fitness (r):
glucose r = 1.002, t18 = 0.265, P = 0.794; maltose r =
1.006, t16 = 0.775, P = 0.500; lactose r = 0.984, t16 =
1.238, P = 0.221; glucose+maltose r = 0.990, t15 = 0.921,
P = 0.372; glucose+lactose r = 1.022, t15 = 1.396, P =
0.183; glucose/maltose r = 0.987, t15 = 0.859, P =0 . 4 0 4 ;
glucose/lactose r = 0.998, t15 = 0.199, P = 0.845).
Bacteria were propagated under one of seven different
environmental regimes, differing only in the identity and
temporal presentation of the limiting resource(s). These
resource regimens (and the designations used in this
study) were: glucose (glu), maltose (mal), lactose (lac),
glu and mal together (glu+mal), glu and mal alternating
daily (glu/mal), glu and lac together (glu+lac), and glu
and lac alternating daily (glu/lac). Six replicate popula-
tions, three founded by each Ara marker type, were pro-
pagated in each of the seven regimes, giving a total of
42 evolving populations. We emphasise that these popu-
lations were initially homogeneous; thus, de novo muta-
tion was the only source of genetic variation. For the
purposes of analysis and to allow comparisons across
resource types, the set of four regimes containing either
glu, mal, or both are referred to collectively as the glu&-
mal set; similarly, the set of four regimes containing glu,
lac, or both are referred to as the glu&lac set. (The glu
r e g i m e ni sc o m m o nt ob o t hs e t s . )T h es i xr e p l i c a t e
populations evolving under each regime are referred to
as groups. Sugars were added to base Davis minimal
(DM) media at the following concentrations to make
single and mixed resource environments: glu 175 μg/ml;
mal 250 μg/ml; lac 210 μg/ml; glu+mal 87.5 μg/ml and
125 μg/ml, respectively; and glu+lac 87.5 μg/ml and
105 μg/ml, respectively. These concentrations were
chosen such that each environment supported nearly
the same stationary-phase density of bacteria (~3.5 ×
10
8 cfu/mL). All populations were incubated at 37°C in
1 mL × 96 well blocks (Qiagen, Valencia, CA) with
shaking at ~120 rpm. Populations were propagated daily
by transferring 10 μL to wells in a new block, allowing
~6.64 ( = log2 100) generations per day for 300 days, to
give a total of ~2000 generations. Population samples
were frozen every 100 generations at -80°C after addi-
tion of glycerol as a cryoprotectant.
Several precautions were taken to monitor the possibi-
lity that external or cross-contamination occurred dur-
ing the propagation, allowing us to take corrective
action if needed. The ancestral strain possesses several
characteristic markers that were checked periodically
throughout the experiment [16]. At no time were any
b a c t e r i ao b s e r v e dt h a td i f f e r e df r o mt h ea n c e s t r a lm a r -
ker profile; therefore, it isu n l i k e l yt h a tt h e r ew a sa n y
external contamination. Monitoring for cross-contami-
nation between populations was facilitated by the
arrangement of the evolving populations in a checker-
board pattern in the propagation block. In this arrange-
ment, the four wells nearest to each population con-
tained sterile medium. Observation of bacterial growth
in these wells provided a sensitive means by which to
detect any splashing that could contaminate adjacent
wells. On several occasions such contamination was
o b s e r v e d ,a n d ,i nt h e s ec a ses, the experiment was
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kept overnight at 4°C. As an additional precaution,
populations of opposite Ara marker types were grown
adjacent to one another. Periodic plating of populations
to TA indicator medium allowed us to detect possible
cross-contamination. This screening found cross-con-
tamination of one replicate mal population, and this
population has been dropped from our analyses.
Fitness assays
The fitness of each evolved population relative to the
ancestor was assayed by competitions carried out in the
same conditions that prevailed during the evolution
experiment. In all cases, the fitness of an evolved popu-
lation was compared to the ancestor bearing the oppo-
site Ara marker in order to allow the two types to be
distinguished. Before each fitness assay, the two compe-
titors were acclimated to the competition environment
by growing them separately in the same environmental
conditions used in the competition. Each competitor
was then diluted 200-fold into fresh DM medium sup-
plemented with the appropriate sugar(s), and a sample
immediately plated on TA agar to estimate the initial
densities of the competing strains. At the end of the
competition, a sample was plated on TA agar to obtain
the final density of each competitor. The fitness of the
evolved strain relative to the ancestor was calculated as
ln(NE(1)/NE(0))/ln(NA(1)/NA(0)), where NE(0) and NA(0)
represent the initial densities of the evolved and ances-
tral strains, respectively, and NE(1) and NA(1) represent
corresponding densities at the end of the competition.
Competitions lasted one day except for those performed
in the fluctuating resource environments; those competi-
tions ran for two days, such that competing strains were
exposed to both sugars and both environmental transi-
tions over the course of the assay, with the final density
of each strain adjusted for the 100-fold dilution between
the two days. For each group of replicate populations,
fitness was measured in their own evolution environ-
ment (to assess their direct response to selection) and in
the three alternative environments making up each
four-regime set of the experiment (to measure their cor-
related responses to selection). Fitness assays were repli-
cated four- and nine-fold to measure the direct
responses after 1000 and 2000 generations, respectively,
and five-fold for each correlated response.
Statistical analyses
Analyses of variance and estimation of variance compo-
nents were carried out using JMP 5.1 from the SAS
Institute. In all cases, population was tested as a random
factor and environmental regime was tested as a fixed
factor. Student’s t-tests were performed in Microsoft
Excel. Significance was first assessed using a =0 . 0 5a s
the cut-off. However, we often had to interpret overall
trends based on the outcome of multiple tests and
comparisons. In these cases, sequential Bonferroni cor-
rections were performed as described in table legends
[62]. To reduce the influence of day-to-day variation in
assay conditions, all comparisons were performed using
data collected in complete blocks. Therefore, tests of
among-population variation based on the direct and cor-
related responses of populations included only the five
direct responses measured in the same experimental
blocks as the correlated responses. Similarly, compari-
sons of direct fitness measurements at 1000 and 2000
generations used only the four 2000-generation fitness
assays performed in the same experimental blocks as
the 1000-generation assays.
Acknowledgements
We thank C. Marx, R. Monds, P. Moore, E. Ostrowski, S. Remold and two
anonymous reviewers for valuable discussions and helpful comments on the
manuscript, and N. Hajela for expert technical assistance. This work was
supported by funding from the US National Science Foundation (to REL)
and the DARPA “Fun Bio” program (to REL and TFC).
Author details
1Department of Biology and Biochemistry, University of Houston, Houston,
Texas 77204, USA.
2Department of Microbiology and Molecular Genetics,
Michigan State University, East Lansing, Michigan 48824, USA.
Authors’ contributions
TC performed and analyzed the experiments. TFC and REL were responsible
for the overall design and direction of the experiments. Both authors
contributed substantially to writing this paper, and approved the final
manuscript.
Received: 28 July 2009
Accepted: 13 January 2010 Published: 13 January 2010
References
1. Blount ZD, Borland CZ, Lenski RE: Historical contingency and the
evolution of a key innovation in an experimental population of
Escherichia coli. Proc Natl Acad Sci USA 2008, 105:7899-7906.
2. Cohan FM: Can uniform selection retard random genetic divergence
between isolated conspecific populations? Evolution 1984, 38:495-504.
3. Schluter D: The Ecology of Adaptive Radiation Oxford: Oxford Univ. Press
2000.
4. Travisano M, Mongold JA, Bennett AF, Lenski RE: Experimental tests of the
roles of adaptation, chance, and history in evolution. Science 1995,
267:87-90.
5. Wright S: Surfaces of selective value revisited. Am Nat 1988, 131:115-123.
6. Harvey PH, Pagel MD: The Comparative Method in Evolutionary Biology
Oxford: Oxford Univ. Press 1991.
7. Simpson GC: The Major Features of Evolution New York: Columbia Univ.
Press 1953.
8. Elena SF, Lenski RE: Evolution experiments with microorganisms: the
dynamics and genetic bases of adaptation. Nat Rev Genet 2003, 4:457-469.
9. Buckling A, MacLean RC, Brockhurst MA, Colegrave N: The Beagle in a
bottle. Nature 2009, 457:824-829.
10. Cooper VS, Lenski RE: The population genetics of ecological specialization
in evolving Escherichia coli populations. Nature 2000, 407:736-739.
11. Cooper VS, Schneider D, Blot M, Lenski RE: Mechanisms causing rapid and
parallel losses of ribose catabolism in evolving populations of
Escherichia coli. B J Bacteriol 2001, 183:2834-2841.
12. Cooper TF, Rozen DE, Rozen RE: Parallel changes in gene expression after
20,000 generations of evolution in Escherichia coli. Proc Natl Acad Sci USA
2003, 100:1072-1077.
13. Habets MGJL, Rozen D, Hoekstra RF, de Visser AGM: The effect of
population structure on the adaptive radiation of microbial populations
evolving in spatially structured environments. Ecol Lett 2006, 9:1041-1048.
Cooper and Lenski BMC Evolutionary Biology 2010, 10:11
http://www.biomedcentral.com/1471-2148/10/11
Page 9 of 1014. Korona R: Adaptation to structurally different environments. Proc R Soc
Lond B 1996, 263:1665-1669.
15. Korona R, Nakatsu CH, Forney LJ, Lenski RE: Evidence for multiple adaptive
peaks from populations of bacteria evolving in a structured habitat. Proc
Natl Acad Sci USA 1994, 91:9037-9041.
16. Lenski RE, Rose MR, Simpson SC, Tadler SC: Long term experimental
evolution in Escherichia coli. I. Adaptation and divergence during 2,000
generations. Am Nat 1991, 138:1315-1341.
17. Nakatsu CH, Korona R, Lenski RE, de Bruijn FJ, Marsh TL, Forney LJ: Parallel
and divergent phenotypic evolution in experimental populations of
Ralstonia sp. J Bacteriol 1994, 180:4325-4331.
18. Pelosi L, Kuhn L, Guetta D, Garin J, Geiselmann J, Lenski RE, Schneider D:
Parallel changes in global protein profiles during long-term
experimental evolution in Escherichia coli. Genetics 2006, 173:1851-1869.
19. Rainey PB, Travisano M: Adaptive radiation in a heterogeneous
environment. Nature 1998, 394:69-72.
20. Wichman HA, Badgett MR, Scott LA, Boulianne CM, Bull JJ: Different
trajectories of parallel evolution during viral adaptation. Science 1999,
285:422-424.
21. Wichman HA, Scott LA, Yarber CD, Bull JJ: Experimental evolution
recapitulates natural evolution. Proc R Soc Lond B 2000, 355:1677-1684.
22. Woods R, Schneider D, Winkworth CL, Riley MA, Lenski RE: Tests of parallel
molecular evolution in a long-term experiment with Escherichia coli. Proc
Natl Acad Sci USA 2006, 103:9107-9112.
23. Barrett RDH, Bell G: The dynamics of diversification in evolving
Pseudomonas populations. Evolution 2006, 60:484-490.
24. Bell G, Reboud X: Experimental evolution in Chlamydomonas. II. Genetic
variation in strongly contrasted environments. Heredity 1987, 78: 498-506.
25. Bennett AF, Lenski RE: Evolutionary adaptation to temperature II. Thermal
niches of experimental lines of Escherichia coli. Evolution 1993, 47:1-12.
26. Jasmin J-N, Kassen R: On the experimental evolution of specialization and
diversity in heterogeneous environments. Ecol Lett 2007, 10:272-281.
27. Kassen R, Bell G: Experimental evolution in Chlamydomonas. IV. Selection
in environments that vary through time at different scales. Heredity 1988,
80:732-741.
28. Reboud X, Bell G: Experimental evolution in Chlamydomonas. III.
Evolution of specialist and generalist types in environments that vary in
space and time. Heredity 1997, 78:507-514.
29. Turner PE, Elena SF: Cost of host radiation in an RNA virus. Genetics 2000,
156:1465-1470.
30. Barrett RDH, MacLean RG, Bell G: Experimental evolution of Pseudomonas
fluorescens in simple and complex environments. Am Nat 2005, 166:470-
480.
31. Tyerman J, Havard N, Saxer G, Travisano M, Doebeli M: Unparallel
diversification in bacterial microcosms. Proc R Soc Lond B 2005, 272:
1393-1398.
32. Wright S: Proc Sixth Int Congr Genet 1932, 1:356-366.
33. Weinreich DM, Watson RA, Chao L: Sign epistasis and genetic constraint
on evolutionary processes. Evolution 2005, 59:1165-1174.
34. Whitlock MC, Philips PC, Moore FB-G, Tonsor FJ: Multiple fitness peaks and
epistasis. Annu Rev Ecol Syst 1995, 26:601-629.
35. Colegrave N, Buckling A: Microbial experiments on adaptive landscapes.
BioEssays 2005, 27:1167-1173.
36. Kauffman SA: The Origins of Order New York: Oxford Univ. Press 1993.
37. Lenski RE: Experimental studies of pleiotropy and epistasis in Escherichia
coli. II. Compensation for maladaptive effects associated with resistance
to virus T4. Evolution 1988, 42:433-440.
38. Wright S: Evolution and the Genetics of Populations. Experimental Results
and Evolutionary Deductions Chicago: Univ. Chicago Press 1977, 3.
39. MacLean RC, Bell G: Divergent evolution during an experimental adaptive
radiation. Proc R Soc Lond B 2003, 270:1645-1650.
40. Ostrowski EA, Rozen DE, Lenski RE: Pleiotropic effects of beneficial
mutations in Escherichia coli. Evolution 2005, 59:2343-2352.
41. Travisano M, Vasi F, Lenski RE: Long-term experimental evolution in
Escherichia coli III. Variation among replicate populations in correlated
responses to novel environments. Evolution 1995, 49:189-200.
42. Travisano M, Lenski RE: Long-term experimental evolution in Escherichia
coli. IV. Targets of selection and the specificity of adaptation. Genetics
1996, 143:15-26.
43. Johnson PA, Lenski RE, Hoppensteadt FC: Theoretical analysis of
divergence in mean fitness between initially identical populations. Proc
R Soc Lond B 1995, 259:125-130.
44. Kryazhimskiy S, Tkačik G, Plotkin JB: The dynamics of adaptation on
correlated fitness landscapes. Proc Natl Acad Sci USA 2009, 106:18638-18643.
45. Hadany L, Feldman MW: Evolutionary traction: the cost of adaptation and
the evolution of sex. J Evol Biol 2005, 18:309-314.
46. Rice WL, Chippindale AK: Sexual selection and the power of natural
selection. Science 2001, 294:555-559.
47. Barrick JE, Yu DS, Yoon SH, Jeong H, Oh TK, Schneider D, Lenski RE, Kim JF:
Genome evolution and adaptation in a long-term experiment with
Escherichia coli. Nature 2009, 461:1243-1247.
48. Barrick JE, Lenski RE: Genome-wide mutational diversity in an evolving
population of Escherichia coli. Cold Spring Harb Symp Quant Biol 2009.
49. Poelwijk FJ, Kiviet DJ, Weinreich DM, Tans SJ: Empirical fitness landscapes
reveal accessible evolution paths. Nature 2007, 445:383-386.
50. Mani GS, Clarke BC: Mutational order: a major stochastic process in
evolution. Proc R Soc Lond B 1990, 240:29-37.
51. Whitlock MC: The Red Queen beats the Jack-of-all-trades: the limitations
on the evolution of phenotypic plasticity and niche breadth. Am Nat
1996, 148:S65-77.
52. Bjorkman J, Nagaev I, Berg OG, Hughes D, Anderson DI: Effects of
environment on compensatory mutations to ameliorate costs of
antibiotic resistance. Science 2000, 287:1479-1482.
53. Levin BRL, Perrot V, Walker N: Compensatory mutations, antibiotic
resistance and the population genetics of adaptive evolution in bacteria.
Genetics 2000, 154:985-997.
54. Moore FB-G, Rozen DE, Lenski RE: Pervasive compensatory adaptation in
Escherichia coli. Proc R Soc Lond B 2000, 267:515-522.
55. Silander OK, Tenaillon O, Chao L: Understanding the fate of finite
populations: The dynamics of mutational effects. PLoS 2007, S4(e94).
56. Lendenmann U, Egli T: Kinetic models for the growth of Escherichia coli
with mixtures of sugars under carbon-limiting conditions. Biotech Bioeng
1998, 59:99-107.
57. Lendenmann U, Snozzi M, Egli T: Kinetics of the simultaneous utilization
of sugar mixtures by Escherichia coli in continuous culture. Appl Environ
Microbiol 1996, 62:1493-1499.
58. Saier MH, Ramsier TM, Reizer J: Regulation of carbon utilization. Escherichia
coli and Salmonella typhimurium: cellular and molecular biology ASM Press,
Washington, DCNeidhart FC 1996, 1325-1329.
59. Novak M, Pfeiffer T, Lenski RE, Sauer U, Bonhoeffer S: Experimental tests for
an evolutionary trade-off between growth rate and yield in E. coli. Am
Nat 2006, 168:242-251.
60. Vasi F, Travisano M, Lenski RE: Long-term experimental evolution in
Escherichia coli. II. Changes in life-history traits during adaptation to
growth in a seasonal environment. Am Nat 1994, 144:432-456.
61. Friesen ML, Saxer G, Travisano M, Doebeli M: Experimental evidence for
sympatric ecological diversification due to frequency-dependent
competition in Escherichia coli. Evolution 2004, 58:245-260.
62. Rice WR: Analyzing tables of statistical tests. Evolution 1988, 43:223-225.
doi:10.1186/1471-2148-10-11
Cite this article as: Cooper and Lenski: Experimental evolution with E.
coli in diverse resource environments. I. Fluctuating environments
promote divergence
of replicate populations. BMC Evolutionary Biology 2010 10:11.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Cooper and Lenski BMC Evolutionary Biology 2010, 10:11
http://www.biomedcentral.com/1471-2148/10/11
Page 10 of 10